Abstract --This study measured spatio temporal parameters (STP) and their symmetry index (SI) in order to evaluate the differential effect on the gait pattern of individuals with unilateral transtibial amputations when using two different prostheses. Twelve individuals with transtibial amputations walked on level ground using an Energy Storage and Return (ESAR) prosthesis with fixed ankle and a prosthetic foot with adaptive ankle (PFAA). The STP were measured in the prosthetic and sound limbs and the symmetry index for each parameter was calculated afterwards. The results showed no statistically significant differences between the prostheses for the STP measured, and this was the case both for the prosthetic and sound limbs. Similarly, the SI did not reflect statistically significant differences when the different prostheses were used. Thus, the results suggest that the STP studied and their SI may not reflect differences when evaluating ESAR versus PFAA prostheses in the conditions proposed in this study.
I. INTRODUCTION
Gait analysis can be defined as the systematic study of human walking, performed by a combination of observations by experienced clinicians and instrumented measurements [1] . In the clinical treatment of patients with conditions that affect their ability to walk, it could be used for example, to make a detailed assessment of the causes of the walking pattern and to plan an optimal treatment [1] , [2] .
In the area of amputee rehabilitation, health professionals have suggested the use of gait analysis for gaining basal information about the patient, assessing progress in the rehabilitation process, selecting prosthetic components and for demonstrating effectiveness of intervention, among others [3] , [4] . An area of interest in amputee rehabilitation is the selection of the optimal prosthesis for a particular patient and also the evaluation of advantages and limitations of the different type of prostheses [5] .
Prosthetic devices aim at enabling individuals with amputations to successfully return to functional and recreational activities. Many of these devices, particularly those for individuals with transtibial amputations, do not fully mimic the function of unimpaired joints and have been associated with gait deviations and functional limitations, such as decreased walking speed [6] and increased interlimb asymmetries in spatiotemporal parameters and kinetics of the joints [7] .
Different types of prosthetic feet are prescribed for transtibial amputees. Of those, ³(QHUJ\ VWRUDJH DQG UHWXUQ´ (ESAR) feet are capable of mechanically storing elastic energy generated during the early stance and midstance and then returning it in late stance and preswing to provide some of the mechanical energy normally provided by the ankle plantarflexors [8] , [9] . One of these devices is WKH (VSULW foot (Chas. A. Blatchford and Sons Ltd., Basingstoke, UK). Another type of prosthesis is the Prosthetic Foot with Adaptive Ankles (PFAA). It allows for an increased range of motion of the ankle to improve walking performance. One of these deviFHV LV WKH (FKHORQ IRRW (Chas. A. Blatchford and Sons Ltd., Basingstoke, UK) which allows for a hydraulically controlled stance-phase articulation. When set-up correctly, an Echelon foot provides 6° plantarflexion and 3° dorsiflexion relative to its neutral (standing) position [10] .
A variety of gait analysis tools have been proposed for characterizing gait in amputees, including questionnaires for evaluating the degree of adaptation to the prosthethic [11]± [13] , tests such as the AMPPRO [14] and POGS [15] , spatio temporal parameters (STP), kinematic and kinetic parameters [3] , [4] , [16] . Using different tools, studies have been carried out comparing the performances between ESAR and PFAA hydraulic prostheses in transtibial unilateral amputees. Some studies have investigated toe clearance during swing phase as an indicator of the likelihood of falling [17] , others studied the transition of the center of pressure [18] and its fluctuations [10] , or the foot braking effect during stance [19] . Also, satisfaction levels have been requested from amputees, when comparing the prosthesis for many facets of prosthetic use during the activities of daily living [20] .
Of the gait analysis tools proposed for gait analysis, STP have been reported as the most commonly used biomechanical parameter for the evaluation of lower limb amputees [16] [22] , [23] . This is partly caused by subjects relying more on their sound leg to compensate for some of the deficiencies associated with prostheses. The increased loading period may explain the development of complications in the remaining limb [24] , hence gait asymmetry is one of the concerns in unilateral lower limb amputees when endeavoring to minimize excessive load on the sound limb [25] , [26] .
STP and their SI are appealing for routine clinical use. The main reasons for this is that the equipment required to collect the data is often portable, relatively low cost, easy to use and do not require long measurement times. However, not many studies have evaluated STP for comparison between ESAR and PFAA. Moore [18] showed a reduction in asymmetry of stance phase duration when using hydraulic PFAA prostheses when compared with ESAR. However, no other data from STP parameters, such as Swing Time or Double Support, or symmetry were reported. Also, it has been reported that when comparing different prostheses, some studies found statistically significant differences in the STP while others did not [21] . Many causes may influence this variability, including the type of prosthesis used, the number and physical conditions of the participants, and the level of amputation, among others.
The collection and use of STP therefore appears to be a relatively straightforward option for clinical assessment. However, their ability to measure effects on gait pattern when using prosthetic feet with and without adaptive ankles has not been fully evaluated. This paper aims at measuring STP and their symmetry in order to evaluate differential effects on the gait pattern of two different prostheses (ESAR and PFAA) in physically active transtibial amputees. The results would add information that could help decide whether STP and their symmetry indices may be considered as an outcome measure in the clinical environment for selection of the most appropriated prosthetic foot.
II. METHODOLOGY

A. Participants
Twelve physically active (9 males, 3 females), unilateral transtibial amputees, (mean (SD) age 41.5 (15.5) years, mass 72.0 (13.2) kg, height 1.75 (0.09) m) were involved in this study. They had used a prosthetic foot for at least four months (12.2 (12.9) years, range 0.33-47 years). Each participant gave written informed consent prior to their involvement. Local ethics committee approval was obtained for the protocol. 
B. Protocol and prosthetic intervention
Subjects walked on a 10 meter pathway using two different prostheses: an ESAR and a PFAA (Fig. 1) . The prostheses were the Esprit and Echelon models, respectively, selected from the Endolite family (Chas. A. Blatchford and Sons Ltd., Basingstoke, UK).
The first prosthesis used in the experiment was the one not normally used by the participant. So if they habitually used an ESAR foot, the PFAA foot was fitted first and vice versa. After fitting the non-habitual prosthesis, a minimum time of one hour was given for the subject to become familiar with it.
The fitting of the prosthesis was performed by an experienced prosthetist, who was careful to ensure the best possible alignment and adjustment for each foot. The socket, suspension and alignment of the shank pylon were unchanged across foot types. The settings which control the rates of articulation within the hydraulic feet (damping) were adjusted by the prosthetist until deemed to provide optimal function at a self-selected, comfortable walking speed.
C. Data acquisition and processing
Participants walked in a straight line along the pathway at their self-selected comfortable walking speed as recommended in the literature [27] . At least 6 trials were performed by each participant with each prosthesis. Kinematic and kinetic data were recorded at 200 Hz and 400 Hz respectively using an eleven camera motion capture system (ProReflex, Qualisys, Göteborg, Sweden) and two force platforms (AMTI, MA, USA). During data collection, participants wore their own comfortable shoes. Using the Helen Hayes marker set (Fig. 2) , 19 spherical retro-reflective markers (all 14 mm diameter except markers placed onto the feet which were 9.5 mm diameter) were bilaterally attached to the lower limbs of each participant, (or equivalent locations on the prosthesis). Two additional markers were placed on the toe and at equivalent locations on the prosthetic side.
Initial contact (IC) and foot off (FO) were defined using kinematic data, as proposed by Zeni et al [28] . Walking speed, cycle time, step length, double support, stance time and swing time were calculated using the software Visual3D v6TM (Version 6.01.08, C-Motion, Germantown, MD, USA). The parameters were then normalized in order to avoid bias in the results.
Step length was normalized to subject height and the temporal parameters were normalized to cycle time [29] , using MatLab (R2016a, The MathWorks, Inc., Natick, Massachusetts, United States).
Symmetry Index (SI) for all the STP was defined as shown in Eq. (1) [25] Eq. (1):
Where SI stands for the symmetry index and PR, PL stand for the values of the gait parameter measured for the right and left limb, respectively [25] . The mean value for each participant was calculated for all parameters and each prosthesis using at least 25 strides per subject. Later, the median value for all twelve participants was calculated.
D. Statistical analyses
Data from STP and SI were statistically analyzed with the non-parametric Wilcoxon test for paired samples and an alpha level set at 0.05, using SPSS (23.0.0.0, IBM, Armonk New York U.S.A.). The effect size (W) [30] , was calculated. Values of W will be considered in case of p value lower than 0.05. Median, first quartile (q1) and third quartile (q3) were used as statistical descriptors. Table I shows the results of the STP for the sound and prosthetic limbs, for both prostheses. The table shows the median values and (q1 q3) for each parameter, for each type of prosthesis studied. Also the statistical p value and the effect size (W) of the comparison between prosthesis are reported.
III. RESULTS
A. Spatio Temporal parameters
The median values of the parameters did not show statistically significant differences between the prostheses for any of the parameters studied. Table II shows the median values of symmetry indices and (q1 q3) for the parameters for each type of prosthesis studied. Also reported are the statistical p value obtained and the effect size (W) of the comparison between prosthesis.
B. Symmetry Index
The median values of the SI did not show statistically significant differences between the prostheses for any of the studied parameters.
IV. DISCUSSION
The spatiotemporal parameters found for each group in this study for the prosthetic and sound side are in agreement with results previously reported in the literature for transtibial amputees [31] ± [33] .
In terms of the comparison between prosthesis, walking speed increased when using a PFAA with respect to ESAR, which is consistent with previous findings [10] , [19] . Gard [21] suggested that walking speed may be the most appropriate way of assessing prosthetic performance since it might be expected that self-selected walking speed would increase if a prosthetic configuration helps produce a more efficient pattern of walking. Given that the PFAA allow for an increased range of motion of the ankle intending to improve walking performance, it was expected to find an increase in self selected walking speed when using this prosthesis. However, this improvement was not reflected in the STP. In fact, the differences between prosthesis in temporal parameters (Stance Time, Swing Time and Double Support) and in Step Length were small (around 1% of Gait Cycle and 1% of Height, respectively). Consistently with these small differences, the statistical tests did not show significant differences for any of the parameters studied when comparing the prosthesis.
The median values of SI were larger than 83% for all prostheses and all parameters. These results are in agreement to those reported in the literature for rehabilitated transtibial amputees while walking on level ground which show symmetry values greater than 80% [25] , [34] , [35] . This is slightly lower than the SI found in healthy people, for whom the SI between dominant and non-dominant foot was found to be greater than 94% [35] , [36] . However, once again the differences in SI between PFAA and ESAR were relatively small and the statistical tests did not show statistically significant differences for SI between the prostheses. Some considerations should be taking into account.
The number of participant on this study was similar to other studies in the literature reporting differences in gait conditions for transtibial amputees [9] , [34] , [37] ± [40] . Although more statistical power could be gained from a larger sample size, the sample size used in this study should be enough as indicative of a tendency in the results. In term of the gender of the participants there are no suggestions in the literature that gait patterns may present differences between male and female. This is the reason for including both in the present study.
The inclusion criteria of the study selected physically active participants, as a first approached to evaluated differences between prosthesis. However, the levels of activity of the volunteers ranged from people who were able to walk independently in their activities of daily life (K2) to people participating regularly in highly demanding sports activities, such as triathlons (K4). This wide range of mobility may have affected the variability of the data. Future work should, if possible, plan the analysis on a K level basis. This is not always practicable, as it was not for this study, given the relatively low number of participants and the time and effort required to recruit more volunteers. It has also been reported that experienced prosthetic users are able to adapt to prosthetic modifications relatively fast without showing deterioration in their gait, but rather displaying the same gait pattern as before [21] . Clearly there should be appropriate gait retraining in order to take full advantage of new prosthetic features that could allow the amputee to develop trust, security and confidence with the new technology. Not all participants of this study had received gait training for both prosthetic feet, rather some of them had used only one of the two prosthetic feet evaluated. Therefore, it is possible that evaluating the effect on gait without an appropriate retraining may not reflect real changes in the walking pattern. Participants of this study had an hour for familiarization with the non-habitual prosthesis but some of them had not received rehabilitation treatment with that particular prosthesis.
Finally, reports in the literature found that subjects often express clear preference for one prosthesis over another, even when quantitative gait analysis does not show statistically significant differences, suggesting that very subtle changes in gait may be detected by the user and be perceived as significant [21] , [41] . Focusing the evaluation in areas of perceived significance may be a more appropriate approach for the evaluation of prosthesis, for example by expanding test environments to measure activities where the amputee perceived improvement such as high-velocity motions, such as running, or different terrains.
Taking into account all these considerations, together with the fact that the parameters measured in this study are those commonly used for characterizing amputee gait, but they have not reflected differences when evaluating prostheses in the conditions of this study future work should focus on evaluating the parameters in different conditions. First, the evaluation should be performed in settings of perceived significance, such as incline or stairs walking or high velocity motions.
V. CONCLUSION
This paper assessed spatio temporal parameters and their symmetry index in order to evaluate the differential effects on the gait pattern of physically active transtibial amputees when using two different prostheses (ESAR and PFAA).
None of the measured parameters and symmetry indices showed statistically significant differences. From these results, it is possibly to conclude that although the parameters measured in this study are those commonly used for evaluating and characterizing amputee gait, they may not reflect differences when evaluating prostheses in the conditions proposed in this study.
The results of this research suggest that for clinical evaluating differences between prosthesis using STP and their SI it is possible that the condition of the environment should be different (including ramps or stairs, and different walking speed conditions).
